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We investigate the possibility of utilising 21cm intensity mapping, optical galaxy, and Cosmic
Microwave Background (CMB) surveys to constrain the power spectrum of primordial fluctuations
predicted by single-field slow-roll inflation models. Implementing a Fisher forecast analysis, we derive
constraints on the spectral tilt parameter ns and its first and second runnings (αs, βs). We show
that 21cm intensity mapping surveys with instruments like the Square Kilometre Array, CHIME,
and HIRAX, can be powerful probes of the primordial features. We combine our forecasts with the
ones derived for a COrE-like CMB survey, as well as for a Stage IV optical galaxy survey similar to
Euclid. The synergies between different surveys can be exploited to rule out a large fraction of the
available inflationary models.
I. INTRODUCTION
Inflation is a period of accelerated expansion in the
very early Universe, and it is currently the most com-
pelling candidate theory in order to explain the origin
of structure in the cosmos (for a review, see [1, 2] and
references therein). Vanilla inflation generally predicts a
homogenous, isotropic, and spatially flat Universe with
nearly scale invariant primordial power spectrum and
nearly gaussian density fluctuations.
To be more specific, let us assume a perturbed FRW
Universe and denote the scalar perturbations power spec-
trum as Pζ(k). We can define the dimensionless power
spectrum as
Ps(k) ≡ k
3
2pi2
Pζ(k) . (1)
Then we can write
Ps(k) = As
(
k
k?
)ns−1+ 12αsln(k/k?)+ 16βsln2(k/k?)
. (2)
Here As is the amplitude of the scalar perturbations
and k? is the pivot scale where the spectral index ns ≡
dlnPs/dlnk and its runnings are defined and measured.
The spectral index ns is measured by Planck to be close,
but not equal, to unity: ns = 0.968 ± 0.006 [3]. The
first running is defined as αs ≡ dns/dlnk, and its Planck
measurement is consistent with zero: αs = −0.003±0.007
[3]. Note that a (tentative) non-zero positive second run-
ning βs ≡ dαs/dlnk was found in the analysis of [4]:
βs = 0.027 ± 0.013. The pivot scale for these measure-
ments is k? = 0.05 Mpc−1.
In the absence of evidence for non-minimal exten-
sions of the inflationary scenario (we have not observed
primordial non-Gaussianities or isocurvature perturba-
tions, for example), single-field slow-roll models are gen-
erally favoured. Unfortunately this means that there is a
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plethora of allowed models and finding the most favoured
one requires high precision new data and advanced sta-
tistical methods [5].
In the simplest, single-field slow-roll inflationary mod-
els, the inflaton field that drives inflation is a canonical
scalar field φ. The inflaton potential V (φ) and its deriva-
tives can be directly related to As, ns, and its runnings,
as well as to the amplitude and index of the tensor per-
turbations. Defining the slow-roll parameters (evaluated
at the field value φ? where the pivot scale k? exits the
Hubble radius during inflation)
 =
M2pl
2
(
V ′
V
)2
η = M2pl
(
V ′′
V
)
ξ = M4pl
(
V ′V ′′′
V 2
)
, (3)
where Mpl is the reduced Planck mass and a prime de-
notes differentiation with respect to the field φ, we get
1− ns = 2η − 6+ ...
αs = −2ξ + 16η− 242 + ... , (4)
therefore ns − 1 is first order in slow-roll parameters, αs
second order and similarly βs is third order (see [6, 7]
for details). During slow roll, these parameters are very
small,   1 and |η|  1. The above formalism gives
a general prediction for the size and hierarchy of the
runnings. That is, |αs| ∼ 0.001 and |βs| ∼ 10−5. Any
significant deviation from these values would disfavour
single-field slow-roll inflation.
In this work we are going to use the Fisher matrix ap-
proach to forecast how well future 21cm intensity map-
ping (IM), optical galaxy, and CMB surveys, can con-
strain the spectral index and its runnings. CMB tem-
perature and polarization measurements probe the pri-
mordial power spectrum Ps(k) and constrain the various
quantities it depends on. In our CMB forecasts we will
constrain the six ΛCDM parameters, namely the baryon
and cold dark matter densities wb ≡ Ωbh2, wc ≡ Ωch2,
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2the scalar amplitude As, the optical depth to reionization
τ , the Hubble parameter H0, and the tilt ns, together
with the first and second runnings (αs, βs). Large scale
structure surveys use biased tracers of matter – for ex-
ample galaxies or neutral hydrogen (HI) – to probe the
matter power spectrum
P (k) = T 2(k)Pζ(k) , (5)
where T (k) is the transfer function. In our large scale
structure (LSS) forecasts we will only vary the inflation-
ary parameters (ns, αs, βs), considering the rest of the
parameters fixed (measured) by the CMB. The same ap-
proach was followed in [8] for optical and HI galaxy sur-
veys.
The paper is organised as follows: In Section II we de-
scribe the range of 21cm intensity mapping, CMB, and
optical galaxy surveys we are going to use in our fore-
casts. In Section III we describe our formalism for the
different types of surveys, derive the Fisher matrix con-
straints, and discuss the results. The results are also
summarised in Tables I, II, and III. In order to assess
the synergistic power of future CMB and LSS surveys,
we combine our forecasts in Table IV. We conclude in
Section IV. Our fiducial cosmology is the Planck 2015
best-fit ΛCDM model [9], with αs = βs = 0. We also
take the tensor-to-scalar ratio r = 0 for simplicity, since
it does not affect the runnings.
II. THE SURVEYS
A. Stage 4 CMB survey
We consider a future CMB survey with characteristics
similar to the proposed COrE satellite mission [10]. We
will use the forecasted measurements for the temperature
(T), polarization (E), and cross temperature-polarization
angular power spectra (see Section III for the relevant
formulae). The instrument’s TT noise power spectrum is
given by
NTT` = ∆
2
T exp[`(`+ 1)θ
2
FWHM/8ln2] , (6)
where θFWHM is the full width half maximum of the beam
and ∆T the sensitivity. The EE noise power spectrum is
taken to be
NEE` = 2N
TT
` . (7)
We assume that the mission covers a fraction of the sky
fsky = 0.7 with sensitivity ∆T = 5µK− arcmin and
θFWHM = 4 arcmin. We will consider the range of mul-
tipoles `min = 10 to `max = 5000 in our forecasts, with
k? = 0.05 Mpc
−1.
B. 21cm intensity mapping surveys
21cm intensity mapping [11–17] is a technique that uses
HI as a dark matter tracer in order to map the 3D large-
scale structure of the Universe. It measures the intensity
of the redshifted 21cm line, hence it does not need to
detect galaxies but treats the 21cm sky as a diffuse back-
ground. This means that intensity mapping surveys can
scan large volumes of the sky very fast. They also have
excellent redshift information, and can perform high pre-
cision clustering measurements [18, 19].
A radio telescope array similar to the Square Kilometre
Array (SKA)[54] performing an intensity mapping sur-
vey can be used as an interferometer or as a collection
of single dishes, measuring the cross- or auto-correlation
signal, respectively. The advantages of one mode of op-
eration over the other are depending on what are the
specifications and science goals of the experiment [18].
In general, if sufficient sky area is scanned the single-
dish mode can probe cosmological scales at low redshifts,
so it is ideal for late-time Baryon Acoustic Oscillations
studies [18]. However, it has limited angular resolution.
An SKA-like interferometer, on the other hand, has very
good angular resolution set by its maximum baseline, but
due to its small field-of-view limited by the primary beam
size it cannot probe large scales unless it operates at low
frequencies (high redshifts). Nevertheless, an interfer-
ometer with smaller dishes and a high covering fraction
(i.e. a compact array) can probe larger scales and has
increased sensitivity, especially if it can achieve a large
instantaneous field-of-view (FOV) [18, 20].
The importance of the above characteristics will be-
come evident later on in our analysis. In the following
subsections, we will describe the noise properties of an
intensity mapping survey using radio arrays operating in
single-dish and interferometer mode. We will also cata-
logue the specific instruments and surveys we are going
to use in our forecasts.
1. Single-dish mode
The single-dish noise properties have been described
in detail in [15, 18, 19], but we will repeat the analysis
here for completeness. The instrument response due to
the finite angular resolution can be modelled as
W 2 = exp
[
−k2⊥r(z)2
(
θFWHM√
8ln2
)2]
, (8)
where k⊥ is the transverse wavevector, r(z) is the co-
moving distance at redshift z and θFWHM ∼ λ/Ddish the
beam full width at half maximum of a single dish with di-
ameter Ddish at observation wavelength λ = 21(1+z) cm.
We have ignored the response function in the radial di-
rection (k‖) as the frequency resolution of intensity map-
ping surveys is very good (of the order of tens of kHz).
Considering a redshift bin with limits zmin and zmax, the
survey volume Vsur will be given by
Vsur = Sarea
∫ zmax
zmin
dz
dV
dzdΩ
= Sarea
∫ zmax
zmin
dz
cr(z)2
H(z)
,
(9)
3with Sarea the sky area the survey scans (in steradians).
The pixel volume Vpix is also calculated from Eq. (9), but
with pixel area Ωpix ' 1.13θ2FWHM assuming a Gaussian
beam, and the corresponding pixel z-limits corresponding
to the channel width ∆f . Finally, the pixel thermal noise
σpix is given by
σpix =
Tsys√
∆f ttotal(Ωpix/Sarea)NdishesNbeams
, (10)
with Ndishes the number of dishes, Nbeams the number of
beams (feeds) and ttotal the total observing time, with
the combination ttotal(Ωpix/Sarea) representing the time
spent at each pointing. The system temperature Tsys is
found by summing the instrument temperature Tinst and
the sky temperature – dominated by the galactic syn-
chrotron emission – Tsky ≈ 60 (300MHz/ν)2.55 K, where
ν the frequency of observation. Note that Tsky is usually
subdominant to Tsys at low redshifts. In intensity map-
ping experiments the shot noise can be neglected and
the dominant noise contribution comes from the thermal
noise of the instrument. The noise power spectrum is
then given by
PN = σ2pixVpixW
−2 . (11)
We are going to consider such a survey using the SKA
[21].
SKA
For SKA Phase 1 (SKA1) we are going to set Ndishes =
194 (that is 130 SKA1-MID dishes and 64 MeerKAT
dishes), with Ddish ' 15 m. We will use fsky = 0.7 for
our presented forecasts, and ttotal = 5, 000/10, 000 hrs.
The redshift range is 0.35 < z < 3.05 (Band 1) and the
instrument temperature is taken to be Tinst = 25 K. For
the more futuristic SKA2-MID scenario we are going to
assume an array with an order of magnitude higher sensi-
tivity. We set the largest scale the array can probe when
operating in single-dish mode using kmin ' 2pi(Vbin)−1/3,
the limit set by the survey (bin) volume.
2. Interferometer mode
The noise power spectrum for a dual polarization inter-
ferometer array assuming uniform antennae distribution
is [22, 23]
PN = T 2sysr
2yν
(
λ4
A2e
)
1
2n(u)ttotal
(
Sarea
FOV
)
. (12)
Here, Ae is the effective beam area, r is the comov-
ing distance to the observation redshift z, and yν =
c(1 + z)2/(f0H(z)) with f0 = 1420 MHz, the HI rest
frame frequency. The distribution function of the an-
tennae n(u) is approximated as n(u) ' N2f /2piu2max for
the uniform case, where Nf is the number of elements of
the interferometer and umax ' Dmax/λ with Dmax the
maximum baseline.
We are going to consider such a survey using CHIME
[24, 25], HIRAX [26], and the SKA.
CHIME
CHIME (The Canadian Hydrogen Intensity Mapping
Experiment) is a dark energy experiment designed to per-
form a 21cm intensity mapping survey in the redshift
range 0.8 < z < 2.5 in order to detect BAOs and con-
strain dark energy. It is a cylindrical interferometer, con-
sisting of Ncyl = 5 cylinders (Wcyl = 20 m × Lcyl =
100 m) with Nf = 1024 feeds. The system temperature
is taken to be Tsys = 50 K and the maximum baseline
Dmax = 128 m. To calculate the noise power spectrum for
CHIME, we need to make some approximations in order
to model the primary beam, which is anisotropic. Follow-
ing the approach described in [18], the effective area per
feed is calculated as Ae = ηLcylWcylNcyl/Nf , with the
efficiency η = 0.7 and the approximate (isotropic) field-
of-view is FOV = (1.22λ/Wcyl)× 90(pi/180). The largest
scale the array can probe is set by kmin = 2piWcyl/(rλ),
and the smallest is kmax = 2piDmax/(rλ). The sky area
for CHIME is Sarea = 25, 000 deg2 with a total observa-
tion time ttotal = 10, 000 hrs.
HIRAX
HIRAX is another compact radio interferometer, lo-
cated in South Africa, which is designed to perform
a 21cm intensity mapping survey in the redshift range
0.8 < z < 2.5. HIRAX aims to provide LSS mea-
surements in order to probe dark energy. It will also
look for radio transients and pulsars. HIRAX consists of
Nf = 1024, 6 m dishes, closely packed together in an
area with Dmax ∼ 250 m. The sky area for HIRAX
is Sarea = 15, 000 deg2 with a total observation time
ttotal = 10, 000 hrs. The system temperature is taken
to be Tsys = 50 K. HIRAX and CHIME are very com-
plementary (similar science goals, same redshift range,
different sky (North / South)).
SKA
SKA-LOW is an interferometer that will map the 21cm
sky at redshifts z = 6 − 25 in order to probe the Epoch
of Reionization and the Cosmic Dawn [27]. It can also
provide 21cm intensity maps at the post-reionization red-
shifts 3 < z < 5. We will consider a futuristic SKA2-
LOW-like intensity mapping survey, covering the redshift
range 3 < z < 5. This has Nf = 7, 000, 6 m dishes,
closely packed together in an area with Dmax ∼ 700 m.
We use fsky = 0.5 with a total observation time ttotal =
410, 000 hrs. The instrument temperature is taken to be
Tinst = 15 K, hence the sky temperature dominates at all
redshifts. We are not going to consider SKA1-MID in
interferometer mode, as its current design is sparse and
its dishes are big.
C. Stage 4 spectroscopic galaxy survey
The possibility of constraining the inflationary param-
eters (ns, αs, βs) with galaxy redshift surveys has been
investigated in the past (see, for example, [8, 28–32]).
In this work, we will consider a Stage IV spectroscopic
optical galaxy survey similar to the forthcoming Euclid
satellite mission [33]. The survey operates in the redshift
range 0.7 < z < 2 detecting tens of millions of galaxies
in a sky area Sarea = 15, 000 deg2. In our forecasts for
such a survey we will use the number density of galaxies
n¯ and the galaxy bias bg given in [34], where the pre-
dicted redshift distribution has been split into 14 bins
with ∆z = 0.1.
III. FORMALISM AND RESULTS
A. CMB
The CMB power spectra are given by
CXY` = (4pi)
2
∫
dkk2TX` (k)T
Y
` (k)Pζ(k) . (13)
As we have already stated, we are going to use the (un-
lensed) temperature and E-mode polarization informa-
tion in our forecasts, so that {X,Y } = {T,E} and TX
are the corresponding transfer functions that do not de-
pend on inflationary parameters. The covariance matrix
C` is then given by
[
CˆTT` C
TE
`
CTE` Cˆ
EE
`
]
where Cˆ` = C` +N`.
Then the Fisher matrix for a set of parameters {pi} is
given by
Fij =
∑
`
2`+ 1
2
fskyTr
(
C−1`
∂C`
∂pi
C−1`
∂C`
∂pj
)
, (14)
and the marginalised 1−σ error on a parameter is σ(pi) =√
(F−1)ii. Performing the analysis assuming a COrE-
like satellite with specifications given in Section II we
find the 1 − σ uncertainties quoted in Table I. We also
show the correlation coefficient r for the second running
βs and a parameter p, namely
r(βs, p) =
(F−1)βsp√
(F−1)βsβs(F−1)pp
. (15)
Note that these numbers change depending on the choice
of pivot scale (we will discuss this further later on) and
the type of measurements and/or priors one employs; in
general, there are degeneracies between cosmological pa-
rameters and the runnings, and between the runnings
themselves.
Measurements of σ(αs) ' 0.0025 are not enough to
detect the prediction |αs| ∼ 0.001, but they can be use-
ful in order to test for significant deviations from the
single-field slow-roll scenarios; similar conclusions were
drawn in a very recent study [8], which used the pro-
posed ground-based CMB-S4 experiment [35] to forecast
constraints on the same cosmological and inflationary pa-
rameters. Measurements of σ(βs) ∼ 0.006 will be able to
confirm or discard the indication for a large, positive βs
[4]. In fact, studies have shown that the constraining
power of future CMB missions like the one we have con-
sidered here is immense: using Bayesian analysis and in
particular the Jeffreys’ scale method, [36] found that the
number of models that can be ruled out with high statis-
tical significance increases from one third for Planck to
three quarters for a Stage 4 CMB mission. This is a no-
table improvement, and one should also keep in mind that
the single-field slow-roll models represent the most pes-
simistic, minimal scenario (most difficult to constrain).
For example, if the indication for a positive βs > αs
found in [4] is confirmed, we will need to start looking
at extended models of inflation [37].
The prospects of future CMB surveys to probe the in-
flationary Universe are excellent. It is also important to
explore how additional datasets from large scale structure
surveys can boost their constraining and discriminating
power even further. Motivated by this potential synergy
between CMB and LSS surveys, we will now move on
to investigate how 21cm intensity mapping surveys per-
formed in a wide range of post-reionization redshifts can
be used to place constraints on the scalar spectral index
and its runnings.
B. Intensity Mapping
The mean 21cm emission brightness temperature is
given by (see [15] for a detailed derivation)
T¯b(z) = 180ΩHI(z)h
(1 + z)2
H(z)/H0
mK , (16)
where ΩHI is the HI density and H0 ≡ 100h is the value
of the Hubble rate H(z) today.
Neglecting –for the moment– redshift space distortions
(RSDs), we can model the HI power spectrum as
PHI(k, z) = T¯ 2b b
2
HIP (k, z) , (17)
where P is the matter power spectrum and bHI the HI
bias, assumed to be scale independent and deterministic
on linear scales. In our forecasts we will consider ΩHI
5Model σ (wb) σ (wc) σ (As) σ (τ) σ (H0) σ (ns) σ (αs) σ (βs)
ΛCDM+αs 4.5× 10−5 6.5× 10−4 1.3 × 10−11 0.003 0.26 0.0019 0.0025 −
ΛCDM+αs+βs 4.7× 10−5 7.3× 10−4 1.5 × 10−11 0.003 0.29 0.0030 0.0026 0.0058
r(βs, p) −0.27 0.45 0.42 0.23 −0.46 −0.76 −0.15 1
TABLE I: 1 − σ forecasts for the COrE-like CMB experiment and two models, one including ΛCDM and the first running αs
only, and one adding the second running βs. We also show the βs correlation coefficients.
and bHI known. Currently, these factors are poorly con-
strained [38]. However, studies have shown that forth-
coming intensity mapping surveys using the SKA and
its pathfinders (for example MeerKAT), as well as cross-
correlations with optical galaxy surveys, will be able to
place stringent constraints on these parameters across a
wide range of redshifts [39]. Constraints will also come
from galaxy surveys and damped Lyman-α system mea-
surements, in combination with results from simulations
and theoretical modelling [38]. For our fiducial models of
the HI density, bias, and T¯b, we use the fits from [18].
In Figure 1 we plot the HI and thermal noise power
spectra for an SKA1-MID array and fsky ∼ 0.7, ttotal =
5, 000 hours, at a redshift bin centred at z = 0.5 with
width ∆z = 0.1. We note that for this plot we have
used a simplified response function by setting k⊥ ∼ k
in Eq. (8). In our forecasts below we will include the
redshift space distortions contribution in the HI signal
and implement the full (anisotropic) modelling of the in-
strument’s response. The single-dish mode is useful for
observing large and ultra-large scales assuming sufficient
sky area is scanned, while the noise diverges quickly as
we reach the limits set by the beam resolution. Since the
beam resolution decreases with redshift, with the single-
dish mode we lose the advantage of using the smaller –
but still linear – transverse scales at higher redshifts.
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FIG. 1: The HI (solid) and thermal noise (dashed) power
spectra at z = 0.5 for the chosen SKA1-MID IM survey pa-
rameters (see main text for details).
Including RSDs, the HI signal power spectrum in red-
shift space can be written as
P S ≡ PHI(k, z;µ) = T¯ 2b [b2HI + fµ2]2P (k, z) , (18)
where µ = kˆ · zˆ and f ≡ dlnD/dlna is the linear growth
rate with the scale factor a = 1/(1 + z). Note that k2 =
k2⊥ + k
2
‖, with k‖ = µk.
The Fisher matrix for a set of parameters {p} is then
given by [40]
Fij =
1
8pi2
∫ 1
−1
dµ
∫ kmax
kmin
k2dk [∂ilnP
S∂j lnP
S]Veff , (19)
where ∂i ≡ ∂/∂pi, and
Veff = Vsur
(
P S
P S + PN
)2
, (20)
with Vsur the survey (bin) volume and PN the noise power
spectrum. In general, we are going to work with multi-
ple (independent) redshift bins of width ∆z = 0.1, which
means that the total Fisher matrix for each experiment is
the sum of the Fisher matrices corresponding to each red-
shift bin. We will restrict our analysis to linear scales, im-
posing a non-linear cutoff at kNL ' 0.1 (1 + z)2/3 Mpc−1
[41], and thus ignore small-scale velocity dispersion ef-
fects.
Having the Fisher Matrix formalism at hand, we would
like to perform an optimisation study with respect to
the survey strategy parameters, i.e. the sky area Sarea
and the total observing time ttotal. For this purpose we
take the SKA1-MID array configuration and we calculate
the 1 − σ uncertainty on the spectral running αs (keep-
ing all other parameters fixed to their fiducial values) at
k? = 0.05 Mpc
−1. The results are plotted in Fig. 2. The
forecasted uncertainty on αs decreases with increasing
sky area and total observation time, but we notice that
the contours have turning points beyond which they start
to flatten. That is because of the non-trivial effect of the
sky area to the total power spectrum measurement error
δPHI ∝ 1√
Vsur
(
PHI + PN
)
. The cosmic variance error
contribution decreases as 1/
√
Sarea, but the contribution
due to the thermal noise increases as
√
Sarea (and de-
creases as ttotal). This means that there is a “sweet spot"
of a minimum sky area to achieve a certain precision for
a given observing time.
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FIG. 2: Optimisation plot for SKA1-MID operating in single
dish mode. We vary the survey strategy, i.e. the sky area
Sarea and the total observing time ttotal, calculating the 1 −
σ uncertainty on the spectral running αs keeping all other
parameters fixed to their fiducial values.
We are now going to calculate the forecasted uncer-
tainties on (ns, αs, βs) considering a large sky IM survey
with SKA1-MID, operating in single-dish mode. This
could be an fsky ∼ 0.7 survey performed in ∼ 5, 000 hrs.
We find that such a survey would achieve σ(ns) = 0.0022,
σ(αs) = 0.0043, and σ(βs) = 0.015. Increasing the ob-
serving time to ∼ 10, 000 hrs (this is not an unrealis-
tic scenario if the IM survey is commensal with other
surveys), we get σ(ns) = 0.0019, σ(αs) = 0.0036, and
σ(βs) = 0.013.
Next we are going to consider a dedicated SKA2-
MID-like experiment with fsky = 0.7 and thermal noise
an order of magnitude lower than the first SKA1 case,
which we achieve by increasing ttotal by a factor of 2
and Ndishes (or Ndishes × Nbeams) by a factor of 5. We
find σ(ns) = 0.0015, σ(αs) = 0.0029, and σ(βs) = 0.009.
We could consider a configuration with even more dishes
and/or feeds and the uncertainties would shrink even
more, but this would be a very futuristic scenario; the
above constraints can only probe significant deviations
from the slow-roll single-field scenario — we again note
that in the usual single-field inflationary models the first
running |αs| ∼ 0.001 [42], but models that produce a
large running at the related wavenumber range also exist
(see, for example, [43, 44]).
Let us now move on to radio telescope arrays operat-
ing in the traditional interferometric mode. This mode
is preferable for large scale cosmological studies in higher
redshifts. That is because the largest scales the instru-
ment can probe are determined by its FOV (not the sky
area, like in single dish mode), hence at low redshifts the
linear scales of interest are not accessible. The interfer-
ometer resolution is determined by the maximum base-
line Dmax, which allows probing small scales. Note that
the noise power spectrum of a radio interferometer with
uniformly distributed antennae is flat. In our forecasts
we set kmax by comparing kNL and k
(int)
max ∼ 2piDmax/(rλ)
at each redshift and choosing the one that is smaller. In
Figure 3 we plot the HI signal (ignoring RSDs) and noise
power spectra at z = 2 for a HIRAX-like survey.
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FIG. 3: The HI (solid) and thermal noise (dashed) power
spectra at z = 2 for a HIRAX-like survey (see main text for
details).
The dependence of the error on the power spectrum
measurement on Sarea and ttotal is the same as in the
single-dish mode case. Another parameter that is very
important here is the covering fraction of the array, which
can be written as fcover = Nf (Ddish/Dmax)2. It de-
scribes how “filled” the array is with antennae, hence it
cannot exceed unity. The thermal noise of the array is
∝ 1/f2cover, so there is a large difference depending on
whether the array configuration is sparse or compact.
This is the reason why purpose-build IM interferometers
like CHIME and HIRAX are compact.
We can now forecast the constraints CHIME and HI-
RAX can give on the spectral index and its runnings.
For CHIME, we need to change the pivot scale where
the spectral index and its runnings are defined. That is
because the scale k = 0.05 Mpc−1 is not accessible until
z ∼ 1.6. We are therefore going to use k? = 0.1 Mpc−1
(note that the reason that k? is chosen to be 0.05 Mpc−1
for Planck is because around that scale the tilt ns and
the first running αs decorrelate, so the constraint on ns is
optimal [45]). We find σ(ns) = 0.0013, σ(αs) = 0.0047,
and σ(βs) = 0.036. Repeating the calculation for HI-
RAX (with the standard choice k? = 0.05 Mpc−1) we
get σ(ns) = 0.0020, σ(αs) = 0.0035, and σ(βs) = 0.011.
The access to smaller scales using the interferometer
mode means that increasing the non-linear cutoff at
kNL ' 0.14 (1 + z)2/3 Mpc−1 the HIRAX constraints im-
prove significantly: σ(ns) = 0.0014, σ(αs) = 0.0020, and
σ(βs) = 0.0074. These constraints on the runnings are
the best we have obtained so far and the reasons are the
access to smaller scales across a wide redshift range, the
compactness of the HIRAX array, and the fact that its
7IM survey k? [Mpc]−1 fsky ttotal [hrs] Redshift Range σ (ns) σ (αs) σ (βs)
SKA1-MID (sd) 0.05 0.70 5,000 0.35 < z < 3.05 0.0022 0.0043 0.015
SKA1-MID (sd) —"— —"— 10,000 —"— 0.0019 0.0036 0.013
SKA2-MID-like (sd) —"— —"— —"— —"— 0.0015 0.0029 0.009
CHIME 0.1 0.6 —"— 0.8 < z < 2.5 0.0013 0.0047 0.036
HIRAX 0.05 0.36 —"— —"— 0.0020 0.0035 0.011
HIRAX (higher kNL) —"— —"— —"— —"— 0.0014 0.0020 0.007
SKA2-LOW-like (compact) —"— 0.6 —"— 3.0 < z < 5.0 0.0007 0.0008 0.003
TABLE II: 1−σ forecasts for the HI intensity mapping surveys we consider in this study. The (ns, αs) uncertainties correspond
to fixed βs = 0.
small dishes also allow for large scales to be probed.
Finally, we derive constraints on the SKA2-LOW-like
compact configuration we described in Section II, with
kNL ' 0.14 (1 + z)2/3 Mpc−1. The results are σ(ns) =
0.0007, σ(αs) = 0.0008, and σ(βs) = 0.003. Using a
21cm intensity mapping survey with a compact array at
high redshifts we can constrain αs at the level required
for probing single-field slow-roll inflation.
C. Optical galaxies
The Fisher matrix for an optical spectroscopic galaxy
survey like Euclid is given by Equation (19), with
P S ≡ P gg(k, z;µ) = [b2g + fµ2]P (k, z) , (21)
and PN the shot noise,
PN =
1
n¯
, (22)
with n¯ the number density of galaxies in the redshift
bin under consideration and bg the galaxy bias, which
is assumed to be linear and deterministic on large scales.
As we did in the IM case, we will consider the bias known
(measured) in our forecasts.
The general rule for galaxy surveys is that increasing
the sky area (hence the volume) results in improved con-
straints as the cosmic variance error is decreased. De-
creasing the shot noise contribution by increasing the
number density of galaxies also improves the constraints,
up to the limit where the shot noise becomes negligible
(see [29] for a nice demonstration of this). Note that for
a fixed Sarea, higher redshifts probe larger volumes and
smaller scales become linear. However, the shot noise
increases with redshift.
Using the Fisher matrix formalism for galaxy surveys
we derive constraints assuming a Stage 4 Euclid-like spec-
troscopic survey; they are summarised in Table III. We
find σ(ns) = 0.0020, σ(αs) = 0.0038, and σ(βs) = 0.010
for k? = 0.05 Mpc−1. At another pivot scale k? =
0.1 Mpc−1 ns and αs become less correlated and their un-
certainties are smaller: σ(ns) = 0.0014, σ(αs) = 0.0030.
While this is useful for optimising the performance of a
given survey, we will not explore it further in this work.
Since we wish to combine the LSS forecasts with the ones
from the CMB, we use k? = 0.05 Mpc−1.
D. Combined forecasts
We are now ready to combine our forecasts – by adding
the Fisher matrices – using the COrE-like CMB survey
and the various LSS surveys we considered in this study;
the results are shown in Table IV. Note that we only
show the cases where k? = 0.05 Mpc−1 for the LSS sur-
vey, as this is the pivot scale chosen for the CMB mea-
surements. For the SKA1-MID (sd) survey we use the
ttotal = 10, 000 hrs case. We also show the Planck con-
straints on (ns, αs) and the COrE-like forecasts for refer-
ence.
As expected, we find that combining surveys we get
smaller uncertainties than in individual cases. The effect
is more substantial for the IM surveys with compact in-
terferometers targeting high redshifts and smaller scales,
namely HIRAX and SKA2-LOW-like, and for the Euclid-
like spectroscopic galaxy survey.
We should also note that if our main goal is to test
single field inflation, we must concentrate on the first
running αs as a βs ∼ 10−5 measurement is out of reach
for the range of surveys we have considered.
IV. CONCLUSIONS
In this work we have investigated the prospects of util-
ising future datasets from 21cm intensity mapping, CMB,
and optical galaxy surveys, in order to constrain the pri-
mordial Universe. The purpose of our study was two-
fold: we wanted to assess the possibility of using the
innovative 21cm intensity mapping technique to probe
and constrain the scalar spectral index and its runnings
with ongoing and future experiments. We also wanted
to demonstrate how the synergies between a future CMB
survey and large scale structure surveys can improve the
results from the former alone.
8Optical galaxy survey k? [Mpc]−1 fsky Redshift Range σ (ns) σ (αs) σ (βs)
Stage 4 (Euclid-like) 0.05 0.36 0.65 < z < 2.1 0.0020 0.0038 0.010
Stage 4 (Euclid-like) 0.1 0.36 0.65 < z < 2.1 0.0014 0.0030 0.010
TABLE III: 1 − σ forecasts for the optical galaxy survey we consider in this study. The (ns, αs) uncertainties correspond to
fixed βs = 0.
Survey σ(ns) σ (αs) σ (βs)
Planck 0.006 0.007
COrE-like 0.0019 0.0025 0.0058
COrE-like + SKA1-MID (sd) 0.0013 0.0021 0.0045
COrE-like + SKA2-MID-like (sd) 0.0011 0.0019 0.0042
COrE-like + HIRAX 0.0012 0.0020 0.0040
COrE-like + HIRAX (higher kNL) 0.0011 0.0015 0.0030
COrE-like + SKA2-LOW-like (compact) 0.0006 0.0007 0.0017
COrE-like + Euclid-like 0.0011 0.0018 0.0037
TABLE IV: 1− σ forecasts for various surveys and combinations. The (ns, αs) uncertainties correspond to fixed βs = 0.
We should comment on various assumptions and sim-
plifications we made in this study. A major concern
for intensity mapping surveys is the foreground contam-
ination problem from galactic and extragalactic sources.
These can be orders of magnitude larger than the sig-
nal, but if data calibration is done properly we can use
their spectral smoothness to remove them (see, for ex-
ample, [46–48]). Another way to mitigate the foreground
problem is cross-correlating the 21cm intensity maps with
optical galaxies, which can also help with alleviating sys-
tematic effects that are relevant to one type of survey but
not the other [19, 49]. These ideas and methods can be
tested in the near future with IM pathfinder surveys us-
ing instruments like BINGO [15] and MeerKAT[55]. Note
that the possibility of investigating another inflationary
feature, namely primordial non-Gaussianity, with inten-
sity mapping and optical galaxy surveys has been inves-
tigated recently in [50].
Another way to constrain the spectral index and its
runnings using the redshifted 21cm radiation is by prob-
ing the Epoch of Reionization and the Dark Ages (see, for
example, [8, 29, 51, 52]). In [8] it was found that an in-
terferometer similar to the proposed Fast Fourier Trans-
form Telescope [23] with a 1 km baseline could achieve
δαs = 0.001, while a – very futuristic – lunar interfer-
ometer targeting the dark ages could reach δαs ∼ 10−5.
In the same study predictions were also made for various
optical and HI galaxy surveys (performed with instru-
ments like WFIRST[56], DESI[57], and the SKA), and
the results are in general comparable to ours. Traditional
galaxy surveys (either in the optical or the radio) and in-
tensity mapping have different strengths and weaknesses,
but we believe it is imperative to exploit the possible
synergies between them, in order to get more precise and
robust cosmological measurements. For this study in par-
ticular, the fact that IM experiments can easily give us
access to high redshifts means that we can use a vaster
range of linear scales. However, it would be extremely
beneficial, for both galaxy and IM experiments, if we
could use some of the non-linear scales information. Here
we chose to work with conservative non-linear cutoffs, but
if we could accurately model non-linearities the leverage
would be immense and these surveys would directly com-
pete with the best CMB experiments — this would not
affect the constraints on the scalar spectral index that
much, but it would greatly improve the measurements of
αs, which is what we are mainly after [28, 29].
To conclude, we have shown that future CMB, 21cm in-
tensity mapping, and optical galaxy surveys can be used
to improve our knowledge of the primordial Universe and
constrain the extensive model space of single-field, slow-
roll inflation. We believe that the results of our study
provide strong motivation for maximising the synergistic
power of future CMB and multi-wavelength large scale
structure surveys.
V. ACKNOWLEDGMENTS
I acknowledge support by a Dennis Sciama Fellowship
at the University of Portsmouth. I acknowledge use of
the CAMB code [53]. I would like to thank Robert Crit-
tenden and Vincent Vennin for useful discussions and
comments on the manuscript. Fisher matrix codes used
in this work are available from https://github.com/
Alkistis/Inflation.
9[1] D. Baumann, in Physics of the large and the small,
TASI 09, proceedings of the Theoretical Advanced
Study Institute in Elementary Particle Physics, Boul-
der, Colorado, USA, 1-26 June 2009 (2011), pp. 523–
686, 0907.5424, URL http://inspirehep.net/record/
827549/files/arXiv:0907.5424.pdf.
[2] L. Senatore (2016), 1609.00716.
[3] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A20 (2016), 1502.02114.
[4] G. Cabass, E. Di Valentino, A. Melchiorri, E. Pajer, and
J. Silk, Phys. Rev. D94, 023523 (2016), 1605.00209.
[5] J. Martin, C. Ringeval, and V. Vennin, Phys. Dark Univ.
5-6, 75 (2014), 1303.3787.
[6] R. Easther, W. H. Kinney, and B. A. Powell, JCAP 0608,
004 (2006), astro-ph/0601276.
[7] A. R. Liddle, P. Parsons, and J. D. Barrow, Phys. Rev.
D50, 7222 (1994), astro-ph/9408015.
[8] J. B. Muñoz, E. D. Kovetz, A. Raccanelli,
M. Kamionkowski, and J. Silk (2016), 1611.05883.
[9] P. A. R. Ade et al. (Planck) (2015), 1502.01589.
[10] E. Di Valentino et al. (the CORE) (2016), 1612.00021.
[11] R. A. Battye, R. D. Davies, and J. Weller,
Mon.Not.Roy.Astron.Soc. 355, 1339 (2004), astro-
ph/0401340.
[12] T.-C. Chang, U.-L. Pen, J. B. Peterson, and P. McDon-
ald, Phys.Rev.Lett. 100, 091303 (2008), 0709.3672.
[13] H.-J. Seo, S. Dodelson, J. Marriner, D. Mcginnis,
A. Stebbins, et al., Astrophys.J. 721, 164 (2010),
0910.5007.
[14] R. Ansari, J. Campagne, P. Colom, J. L. Goff, C. Mag-
neville, et al., Astron.Astrophys. 540, A129 (2012),
1108.1474.
[15] R. Battye, I. Browne, C. Dickinson, G. Heron, B. Maffei,
et al., Mon. Not. Roy. Astron. Soc 434, 1239 (2013),
1209.0343.
[16] E. Switzer, K. Masui, K. Bandura, L. M. Calin, T. C.
Chang, et al., Mon.Not.Roy.Astron.Soc. 434, L46 (2013),
1304.3712.
[17] J. Fonseca, M. Silva, M. G. Santos, and A. Cooray (2016),
1607.05288.
[18] P. Bull, P. G. Ferreira, P. Patel, and M. G. Santos, As-
trophys.J. 803, 21 (2015), 1405.1452.
[19] A. Pourtsidou, D. Bacon, R. Crittenden, and R. B.
Metcalf, Mon. Not. Roy. Astron. Soc. 459, 863 (2016),
1509.03286.
[20] A. Pourtsidou and R. B. Metcalf, Mon. Not. Roy. Astron.
Soc. 439, L36 (2014), 1311.4484.
[21] M. Santos et al., PoS AASKA14, 019 (2015).
[22] M. Zaldarriaga, S. R. Furlanetto, and L. Hernquist, As-
trophys. J. 608, 622 (2004), astro-ph/0311514.
[23] M. Tegmark and M. Zaldarriaga, Phys. Rev. D79,
083530 (2009), 0805.4414.
[24] L. B. Newburgh et al., Proc. SPIE Int. Soc. Opt. Eng.
9145, 4V (2014), 1406.2267.
[25] K. Bandura et al., Proc. SPIE Int. Soc. Opt. Eng. 9145,
22 (2014), 1406.2288.
[26] L. B. Newburgh et al., Proc. SPIE Int. Soc. Opt. Eng.
9906, 99065X (2016), 1607.02059.
[27] J. Pritchard et al. (EoR/CD-SWG, Cosmology-SWG),
PoS AASKA14, 012 (2015), 1501.04291.
[28] M. Takada, E. Komatsu, and T. Futamase, Phys. Rev.
D73, 083520 (2006), astro-ph/0512374.
[29] P. Adshead, R. Easther, J. Pritchard, and A. Loeb, JCAP
1102, 021 (2011), 1007.3748.
[30] Z. Huang, L. Verde, and F. Vernizzi, JCAP 1204, 005
(2012), 1201.5955.
[31] X. Chen, C. Dvorkin, Z. Huang, M. H. Namjoo, and
L. Verde, JCAP 1611, 014 (2016), 1605.09365.
[32] M. Ballardini, F. Finelli, C. Fedeli, and L. Moscardini,
JCAP 1610, 041 (2016), 1606.03747.
[33] L. Amendola et al. (2016), 1606.00180.
[34] E. Majerotto, D. Sapone, and B. M. Schäfer, Mon. Not.
Roy. Astron. Soc. 456, 109 (2016), 1506.04609.
[35] K. N. Abazajian et al. (CMB-S4) (2016), 1610.02743.
[36] J. Martin, C. Ringeval, and V. Vennin, JCAP 1410, 038
(2014), 1407.4034.
[37] C. van de Bruck and C. Longden, Phys. Rev. D94,
021301 (2016), 1606.02176.
[38] H. Padmanabhan, T. R. Choudhury, and A. Refregier,
Mon. Not. Roy. Astron. Soc. 447, 3745 (2015), 1407.6366.
[39] A. Pourtsidou, D. Bacon, and R. Crittenden (2016),
1610.04189.
[40] M. Tegmark, Phys. Rev. Lett. 79, 3806 (1997), astro-
ph/9706198.
[41] R. Smith et al. (VIRGO Consortium),
Mon.Not.Roy.Astron.Soc. 341, 1311 (2003), astro-
ph/0207664.
[42] A. Kosowsky and M. S. Turner, Phys. Rev. D52, R1739
(1995), astro-ph/9504071.
[43] E. Silverstein and A. Westphal, Phys. Rev. D78, 106003
(2008), 0803.3085.
[44] Q. E. Minor and M. Kaplinghat, Phys. Rev.D91, 063504
(2015), 1411.0689.
[45] M. Cortes, A. R. Liddle, and P. Mukherjee, Phys. Rev.
D75, 083520 (2007), astro-ph/0702170.
[46] L. Wolz, F. B. Abdalla, D. Alonso, C. Blake, P. Bull,
T.-C. Chang, P. G. Ferreira, C.-Y. Kuo, M. G. Santos,
and R. Shaw, PoS AASKA14, 035 (2015), 1501.03823.
[47] D. Alonso, P. Bull, P. G. Ferreira, and M. G. Santos,
Mon. Not. Roy. Astron. Soc. 447, 400 (2015).
[48] L. C. Olivari, M. Remazeilles, and C. Dickinson, Mon.
Not. Roy. Astron. Soc. 456, 2749 (2016), 1509.00742.
[49] K. Masui, E. Switzer, N. Banavar, K. Bandura, C. Blake,
et al., Astrophys.J. 763, L20 (2013), 1208.0331.
[50] J. Fonseca, R. Maartens, and M. G. Santos (2016),
1611.01322.
[51] Y. Mao, M. Tegmark, M. McQuinn, M. Zaldarriaga, and
O. Zahn, Phys. Rev. D78, 023529 (2008), 0802.1710.
[52] V. Barger, Y. Gao, Y. Mao, and D. Marfatia, Phys. Lett.
B673, 173 (2009), 0810.3337.
[53] A. Lewis, A. Challinor, and A. Lasenby, Astrophys.J.
538, 473 (2000), astro-ph/9911177, URL http://camb.
info.
[54] www.skatelescope.org
[55] www.ska.ac.za/science-engineering/meerkat
[56] https://wfirst.gsfc.nasa.gov
[57] http://desi.lbl.gov
